Introduction
Wavelength selective filters are one of the most fundamental components used for optical instrumentations in the fields of research and industry such as image sensing, fiber communication and spectroscopy. In this paper, we propose a new class of wavelength filtering functions of dielectric multilayer films. Highly efficient band-rejection or edge-pass characteristics can be designed by introducing a structural modulation into conventional dielectric alternating layers. The point is to create a periodic refractive index modulation in not only the vertical but also the horizontal directions of the films, by which several anomalous passbands and stopbands (photonic bandgaps: PBGs) appear. Figure 1 shows a schematic view of the proposed multilayer filter [1] . This kind of wavy alternating layers is fabricated by the electron beam lithography and the sputter-based deposition process [2] . By adjusting various parameters for sputter deposition stage, the slope angle of the wavy corrugation at film interfaces becomes almost constant from the bottom to the top layers. Thus the structure has periodic index change in two directions (both horizontal and vertical). In this sense, it belongs to a class of two-dimensional photonic crystals (2-D PhCs).
Structure of the filter
Because the modulated film has structural anisotropy, it is designed to filter only one of the two linear polarization components (TE or TM waves. They refer to the polarization whose electric or magnetic field is parallel to the grooves, respectively.) The state of polarization of the incident light has to be maintained by use of additional polarizer to suppress unwanted polarization component. In the following examples, we only deal with TE waves.
Photonic band diagram and transmission character-
istics Results of two kinds of numerical simulation are presented. One is a transmission spectrum of a PhC with a finite number of layers, and the other is a complex photonic band diagram [3] , which is a relation between the complex Bloch wavenumber and the frequency of light in an infinitely extending PhC. To be able to compare them directly in the frequency domain to clarify the origin of the transmission characteristics, we employed FDTD (Finite -Difference Time-Domain) based methods that utilize the common modeling scheme for the refractive index profile and the formulation of Maxwell's equations (Yee's algorithm [4] ) for both calculations. The details of each method are described in [5] and [6] , respectively.
The modulated multilayer shows PBGs for normally incident light. The depth and the cut-off characteristic of each PBG are dependent on the decaying Bloch modes existing in it. The thickness of high/low index layers and the aspect ratio of the unit cell of the periodic structure mainly determine the nature of the Bloch modes. In the following, practically important two typical types of PBGs are described. Figure 2 shows calculated transmission spectra of 8-period (16 layers in total) multilayers. The dotted and solid lines correspond to flat (1-D PhC) and wavy (2-D PhC) films, respectively. The refractive index of the unit cell is sketched as an inset. This configuration gives a peculiar PBG indicated by A, as well as conventional elliptically shaped ones, B and C. The PBG-A represents a sharp cut-off feature at the lower frequency side, and extremely low transmittance parts on the bottom. The origin of these shapes can be understood with the aid of the complex photonic band diagram. Figure 3 shows a calculated band diagram for an infinite PhC having the same unit cell structure. Fig. 3(a) shows the imaginary part (decay constant) of the wavenumber (k) of decaying Bloch modes at the Γ-point, where Re(k)=0. Fig. 3(b) shows the Re(k) of both non-decaying (solid lines) and decaying (white lines) modes, while (c) shows Im(k) of decaying modes at the Z-point (Re(k)=π/a, solid lines) and inside the Brillouin zone (BZ, 0<Re(k)<π/a. white lines). As is shown, the decaying Bloch mode in the PBG-A reflects the Im(k) of the decaying mode "M 1 ". The flat shape of the evanescent mode "M 2 " leads to the sharp cut-off feature at the low frequency side. The frequency-dependent Re(k) nature of M 1 creates the comb-like reduction in transmittance as a result of destructive interference. This type of PBG appears when the unit cell is almost square, and is useful for sharp-cut edge filters or laser line rejection filters. Figure 4 and 5 show a transmission spectrum and a band diagram of another PhC configuration. The unit cell is longer than the former example. In this case a narrow but very deep PBG appears (indicated by "D" in Fig. 4 ). This PBG is created as a result of a combination between the Γ-point evanescent mode (M 3 in Fig. 5(a) ) and the Z-point elliptic mode (M 4 in Fig. 5(c) ). The spectral shape of the lower and higher frequency side of the PBG inherit the frequency dependence of Im(k) of M 4 and M 3 , respectively. This kind of PBG will be useful as a high efficiency narrow band rejection filter.
3-1. Type A: intra-BZ decaying mode + evanescent mode at the Γ Γ Γ Γ-point

3-2. Type B: Synthetic PBG by a Γ Γ Γ Γ-point evanescent mode and a Z-point elliptic mode
Conclusion
We numerically demonstrated that novel sharp-cut wavelength filtering functions are made possible by introducing appropriate structural modulation into conventional dielectric alternating layers. These properties will be useful for band-rejection or edge-pass filters for various applications where high extinction ratio is needed. 
